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Abstract: We aimed to create a more robust and more accessible standard for amine-modi- 
fying single-walled carbon nanotubes (SWCNTs). A 1,3-cycloaddition was developed using 
an azomethine ylide, generated by reacting paraformaldehyde and a side-chain-Boc (tert- 
Butyloxycarbonyl)-protected, lysine-derived alpha-amino acid, H-Lys(Boc)-OH, with purified 
SWCNT or C60. This cycloaddition and its lysine adduct provides the benefits of dense, cova- 
lent modification, ease of purification, commercial availability of reagents, and pH-dependent 
solubility of the product. Subsequently, SWCNTs functionalized with lysine amine handles 
were covalently conjugated to a radiometalated chelator, 1, 4,7,1 0-tetraazacyclododecane- 
1,4,7,10-tetraacetic acid (DOTA). The ^In-labeled construct showed rapid renal clearance in 
a murine model and a favorable biodistribution, permitting utility in biomedical applications. 
Functionalized SWCNTs strongly wrapped small interfering RNA (siRNA). In the first dis- 
closed deployment of thermophoresis with carbon nanotubes, the lysine-modified tubes showed 
a desirable, weak SWCNT-albumin binding constant. Thus, lysine-modified nanotubes are a 
favorable candidate for medicinal work. 
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Introduction 

The chemical and physical structure of single-w^alled carbon nanotubes (SWCNTs) confers 
unique spatial, mechanical, pharmacokinetic, and electronic properties. Methods exist 
to conjugate SWCNTs to a variety of moieties, with the goal of modifying or exploiting 
these properties in fields such as circuitry, imaging,^ and drug delivery. For instance, the 
extensive Ti-system of carbon nanotubes allovv^s noncovalent nucleotide M^rapping and the 
adherence of other Ti-stacking molecules, such as aromatic pharmaceuticals."^^ Covalent 
modifications act as chemical handles for the attachment of radiometals,^'^ adjuvants, 
oligonucleotides,^ fluorophores,^^ targeting agents,^ ^"^^ and receptor ligands. Covalent 
approaches include radical-driven additions,^"^'^^ the Bingel-Hirsch cyclopropanation 
reaction,^^'^^ and azomethine ylide-driven l,3-cycloadditions,^^~^^ among others, such 
as carboxylation and Grignard reactions.^^"^^ The regiochemistry of the applicable reac- 
tions favors addition across [6, 6] over [6, 5] carbon-carbon bonds found on SWCNT 
caps and spherical fullerenes; calculations have shovv^n that adducts to the [6, 6] car- 
bons are more thermodynamically stable, driven in part by the bond's more conducive 
Ti-orbital and alkene-like character.^"^'^^ Identical reaction mechanisms and products on 
C60 buckminsterfullerene (or "buckyballs"), a discrete and homogeneous allotrope of 
carbon, served as a platform in this vv^ork, to aid in the structural elucidation of SWCNT 
adducts that are resistant to standard spectroscopy methods. 

Solubilization of SWCNTs and spheroid fullerenes through these covalent 
modifications confers the added advantage of dispersing aggregates and reducing 
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toxicity and immunogenicity, which increases their poten- 
tial as pharmacologic agents. ^^"^^ Commonly employed 
among 1,3-cycloadditions is the Prato reaction^^ - an 
adaptation of chemistry developed by Tsuge and Kane- 
masa^^ - which solubilizes and aminates fullerenes with 
a Boc (tert-Butyloxycarbonyl)-protected, pegylated pyr- 
rolidine bearing both a primary and a tertiary amine (1) 
(Figure lA). 

The method herein described begets an amine handle 
with similar functionality yet distinct properties that 
bears a secondary amine, rather than a tertiary amine, 
in addition to the primary amine (Figure IB). The prod- 
uct, SWCNT-lysine (Lys)-NH2 (2) is more soluble in 
acidic and pH neutral polar-protic solvents, despite its 
lack of an ethoxy sidearm, but is less soluble than (1) 
in basic solutions; this property allows for convenient, 
solubility-based purifications. As with (1), it has been 
demonstrated that (2) accepts covalently attached struc- 
tures via its primary amine. The solubility conferred by 
this functionalization enables (2) to rapidly clear via the 
kidney, akin to previous murine excretion study findings 
on (1).^^ Relative to the standard method that produces 
(1), this reaction generates 40% more amine handles per 
SWCNT carbon, is more stable to degradation, and uses 




Figure I (A) 1,3-cycloaddition of Prato reaction with synthesized amine-modified 
glycine (B) 1,3-cycloaddition employing purchasable H-Lys(Boc)-OH, with handle 
emerging from the chiral carbon center. 

Abbreviations: DMF, dimethylformamide; PFA, paraformaldehyde; TFA, trifluo- 
roacetic acid; Boc, (tert-Butyloxycarbonyl); Lys, lysine. 



a comparatively inexpensive starting material: an easily 
obtained amino acid. 

The utility of (2) and its suitability for biomedical appli- 
cations were explored in the present study, including small 
interfering RNA (siRNA)-carrying capacity, biodistribution, 
and pharmacokinetics in mice, as well as the first use of ther- 
mophoresis to measure nanotube-protein binding. 

Materials and methods 

Covalent functionalization of SWCNTs 
and C60 

Pristine SWCNTs produced by the chemical vapor deposition 
(CVD) CoMoCAT® method (SWeNT® CG-100; Sigma- 
Aldrich Corp, St Louis, MO, USA) were sonicated for 
30 minutes in a pH 8 ethylenediaminetetraacetic acid (EDTA) 
solution. The SWCNTs were then washed with metal-free 
water and in 7N HNO^ at reflux for 5 minutes, to remove 
carbonaceous impurities and residual metals. The resultant 
SWCNTs were filtered over fritted glass and washed with 
metal-free water to normalize the pH. The tubes were then 
dried and reacted, in a 500 mL round-bottom flask, with 
the alpha amino-acid lysine bearing a Boc-protected side 
chain (H-Lys(Boc)-OH; Chemical Abstracts Service [CAS] 
registry number 2418-95-3) (Santa Cruz Biotechnology, 
Dallas, TX, USA), as well as paraformaldehyde in N,N-di- 
methylformamide (both from Sigma- Aldrich Corp, St Louis, 
MO, USA), in a 1:2:2 molar ratio (SWCNT:PFA: Amino 
Acid) based on the moles of SWCNT carbon by weight. 
This was a fourfold excess of nonnanotube reagents, as 
each ylide bridges two carbon atoms. This mixture was 
heated to 130°C for 5 days with H-Lys(Boc)-OH and para- 
formaldehyde added in amounts of 20% allotments of their 
total stoichiometric mass per day. An equivalent procedure 
was used in the production of (1), with the substitution of 
(2 ,2-dimethy 1-4-0X0-3 ,8,11 -trioxa-5 -azatridecan- 1 3 -y l)gly- 
cine (Discovery ChemScience LLC, Princeton, NJ, USA). 

Upon completion, the opaque, black mother liquor was 
filtered over a glass frit, followed by filtration through a 
Millipore polytetrafluoroethylene (PTFE) filter (0.2 jim 
pore size) with metal-free water to remove unreacted solids, 
resulting in a translucent amber-brown filtrate that was dried, 
by rotary evaporation, to a dark-brown oil. 

The resulting oil was dialyzed with a 3,500 molecular 
weight cutoff (MWCO) Slide- A-Lyzer® cassette (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). The retentate 
was collected and acidified with HCl to pH 4, then washed 
with ethyl acetate. The aqueous fraction was then recol- 
lected and washed with CHCI3. The aqueous fraction was 
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collected, and basified with NaOH at 50°C until it became 
cloudy and then was allowed to cool, forming a layer of 
brown powder. This biphasic solution was then filtered, and 
the precipitate was lightly washed with ice water. The solid 
was collected in pH 7 metal-free water, frozen, and dried by 
lyophilization. If the unprotected construct was desired, the 
Boc groups were removed by stirring the product in neat 
trifluoroacetic acid for 2 hours at 50°C before quenching 
with metal-free water, dialyzing, and rotovapping or lyo- 
philizing, to obtain (2). Conditions were kept metal-free, 
with future radiolabeling in mind, but these conditions are 
not necessary. 

The reaction with C60 was performed identically, except 
the wash with 7N HNO3 was completed at room tempera- 
ture (RT) for only 5 minutes, to limit fragmentation of the 
more reactive buckyballs, and the reaction progressed in 
dimethylformamide at 100°C, with reagents added over 
3 days instead of 5, giving (3). 

Boc-protecting group presence or removal was con- 
firmed by nuclear magnetic resonance (NMR) and infrared 
(IR) spectroscopy, and a Kaiser/Sarin assay, before and 
after removal, was used as a measure of amine content. 
Yield of the final product, SWCNT-Lys-NH^ (2), com- 
pared with the acid- washed starting SWCNTs was 30%. 
Unreacted material could be re-reacted twice more, for a 
combined yield of 58%. Reducing the reaction time from 
5 to 4 days had no effect on yield. Yield of the modified 
C60 ranged from 85%-96%. Removing Boc before the 
described pH- and solubility-based separations resulted 
in lower yield. Degradation of (1) and (2) was monitored 
through NMR comparisons at -30 days after the initial 
NMR was taken. Samples were kept in their original tubes 
at RT. Light exposure had minimal discrepancies. 

Mass spectroscopy was conducted on a Waters SQ 
Detector (Waters Corporation, Milford, MA, USA) with 
MassLynx and Spectrum software (Waters Corporation). 
Ultraviolet- visible spectrophotometry (UV-Vis) analysis was 
conducted on a SpectraMax® M2 Multi-Mode Microplate 
Reader from Molecular Devices (Sunnyvale, CA, USA). 
High-performance liquid chromatography (HPLC) analy- 
sis was conducted using a Beckman Coulter System Gold 
Bioessential 125/168 diode array detection system (Beck- 
man Coulter Inc., Brea, CA, USA). NMR spectroscopy 
was conducted on a Bruker Ultrashield™ Plus 500 NMR 
(Bruker Corporation, Billerica, MA, USA) with TopSpin™ 
software (Bruker Corporation). FT-IR spectroscopy was 
conducted on a Bruker Tensor 27 with a Pike MIRacle™ 
ATR insert for solid state analysis (Pike Technologies, 



Madison, WI, USA). Data were processed with Opus 
software (Opus Software, Inc., San Francisco, CA, USA). 
Transmission electron microscopy (TEM) analysis was 
conducted using a JEOL (Tokyo, Japan) 1200 EX Transmis- 
sion Electron Microscope. The image selected was repre- 
sentative, not exceptional. Thermophoresis was conducted 
on a NanoTemper MST Monolith™ NT. 115 (NanoTemper 
Technologies GmbH, Munich, Germany), using the intrinsic 
fluorescence of (2). Raman spectroscopy was conducted 
on a Renishaw in Via Raman Microscope with a Renishaw 
15x656, 785 nm laser (Renishaw pic, Wotton-under-Edge, 
UK). Data were analyzed using WIRE 3.4 software by 
Renishaw. Chemical compounds were used as purchased 
without modification. 

Conjugation of p-SCN-Bn-DOTA 
to SWCNT-Lys-NH^ (2) and 
'"In radiolabeling 

Lysine-modified, Boc-deprotected SWCNTs (2) were 
brought to pH 8 with metal-free sodium bicarbonate before 
the addition of 10 molar equivalents (compared with moles 
of primary amine) of 2-(4-isothiocyanatobenzyl)- 1,4,7, 1 0- 
tetraazacyclododecane-l,4,7,10-tetraacetic acid (p-SCN- 
Bn-DOTA) (MacrocycHcs, Dallas, TX, USA) in a 50 mL 
metal-free Falcon™ Tube (Fisher Scientific Inc.). The reac- 
tion vessel was left to shake at RT for 24 hours, after which 
the reaction was concentrated, by speed- vacuum, to 2 mL, 
and run through a demetalated 10 DG Desalting Column 
(Bio-Rad Laboratories, Hercules, CA, USA) to remove 
excess p-SCN-Bn-DOTA. 

The product (SWCNT-Lys-DOTA) was then labeled, 
as previously described,^ with ^^^In (Nordion, Ottawa, ON, 
Canada), and separated from radioactive impurities, namely 
from free, labeled DOTA and free ^^^In, with another 10 DG 
column, at 91% radiochemical purity, to produce (5). The 
process was repeated after finding metal contamination and 
achieved a 98.7% radiochemical purity (Figure 4). 

Elimination analysis 

Sixteen BALB/c mice (National Cancer Institute [NCI], 
Frederick, MD, USA), 8-10 weeks old, were each injected 
intraperitonally (IP) with 200 nCi of SWCNT-Lys-DOTA(i ' 'In) 
(5) in 200 |lL phosphate-buffered saline (PBS). Cage bedding 
was separated fi^om feces and collected in full at 2, 6, 12, and 
24 hours, each time replacing the cage with fi"esh bedding. At 
24 hours, the mice were sacrificed, and each bedding time point 
was counted (Figure 5). Two identically treated mice were 
autopsied at 1 and 2 weeks, to examine gross organ changes. 
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Murine bladder content analysis 

Three BALB/c mice (NCI), 8-10 weeks old, anesthetized 
with ketamine to prevent urination, were each injected via 
the tail vein with 333 nCi SWCNT-Lys-DOTA(iiiIn) (5) in 
200 |lL PBS. After 30 minutes, the bladders were punctured 
with a syringe and drained of urine for analysis. An average 
of 1 12 nCi was collected per mouse, accounting for 34% of 
the injected dose. 

Confirmation of micturated construct 

One additional mouse was injected with 5 mg of SWCNT- 
Lys-DOTA. Sterile urine was collected over 6 hours postin- 
jection and compared with urine collected from the same 
mouse before injection, by UV-Vis spectrum analysis. 

In another experiment, SWCNT-Lys-DOTA(iiiIn) (5) 
was created at 97.6% radiochemical purity and injected IP, 
into a BALB/c mouse, in 400 |iL of saline. Urine was col- 
lected and analyzed by HPLC for UV and emitted gamma 
radiation traces. Urine acquired prior to injection was mixed 
with unlabeled SWCNT-Lys-DOTA, for confirmation of the 
retention time of non-mouse-passed construct. Radiaton and 
UV traces were aligned. 

Biodistribution 

Five female BALB/c mice (NCI), 10-12 weeks old, received an 
intravenous (IV) injection (via the retroorbital sinus) of 62.9 kBq 
(1.7 |iCi) of SWCNT-Lys-DOTA(iiiIn) (5) in 100 |iL PBS, at 
98.7% radiochemical purity. All animals were sacrificed 1 hour 
postinjection, and tissues (blood, heart, lung, spleen, liver, 
kidney, stomach, intestine, muscle, and bone) were harvested, 
weighed, and analyzed for ^^^In activity. 

Radioactivity assessment in all studies was conducted 
with a Capintec CRC®- 1 5R Dose Calibrator and ionization 
chamber (Capintec, Inc., Ramsey, NJ, USA) or a Packard 
Cobra II Auto Gamma Counter (Packard Instrument Co., 
Inc., Meriden, CT, USA). 

All in- vivo experiments' housing and care were in accor- 
dance with the Animal Welfare Act. The animal protocols 
were approved by the Institutional Animal Care and Use 
Committee at Memorial Sloan-Kettering Cancer Center. 

Albumin binding with thermophoresis 

To measure the dissociation constant between SWCNT- 
Lys-NH^ and human serum albumin (HSA; Sigma- Aldrich 
Corp), microscale thermophoresis was employed, using 
the Monolith NT. 115 Red/Blue instrument from Nano- 
Temper Technologies GmbH, Munich, Germany. The 
SWCNT-Lys-NH^ itself was used as the fluorescent particle. 



while the HSA acted as the ligand. HSA (Sigma-Aldrich 
Corp) was serially diluted from 87.5 g/L (above physi- 
ological concentration) to 0.0053 g/L, while the SWCNT- 
Lys-NH2 was retained at a constant concentration of 1 .25 |lM. 
Fifteen serial dilutions of (2) were analyzed, using a 1 ,475 nm 
laser for dispersion at 120 mW and a blue light-emitting 
diode (LED) for excitation, with a range of 455^85 nm. 
The fluorescence detection ranged between 510-532 nm. 
The fluorescence of both tryptophan residues, which par- 
tially comprise the HSA, and SWCNT-Lys-NH^, at relevant 
concentrations, were compared to discount interference 
from protein fluorescence on the nanotube. The resulting 
data were imported and curve fit using the Fnorm equation 
(provided by NanoTemper) (Figure 6), and known concen- 
trations of SWCNT-Lys-NH^ and HSA using MATLAB® 
(MathWorks, Inc., Natick, MA, USA). The fit equation was 
superimposed on these data using Mathematica (Wolfram 
Research, Champaign, IL, USA). A dissociation constant (K^) 
of 6.435 jiM was obtained with a coefficient of determination 
(R^) of 0.9837. 

NanoTemper defines Fnorm as the normalized, steady- 
state fluorescence ratio of concentrations at a defined higher 
temperature induced by the IR laser compared with concen- 
tration at a defined colder temperature. 

Fnorm should not be confused with a fluorescence versus 
concentration chart. In the Fnorm equation, the concentration 
of SWCNT and its fluorescence are constant in each capillary, 
while the concentration of HSA is varied fi^om zero through the 
physiological range. Each capillary was scanned as an internal 
control for equivalent fluorescence, fluorescence reflecting 
equivalent concentration of SWCNT-Lys-NH2. The [bound] 
and [unbound] variables are determined by the device's ther- 
mophoretic analysis. is thus calculated by the fitted curve. 

siRNA wrapping 

The 5'-(C6-NH2) GCAAGCUGACCCUGAA-GUU- 
CAUtt-3' sequence was obtained from Trilink Biotechnolo- 
gies (San Diego, CA, USA). The sequence was covalently 
modified at the 5' terminus through N-hydroxysuccinimide 
chemistry with a VivoTag® 680 XL (Perkin Elmer, 
Waltham, MA, USA) (excitation 665 nm; emission 688; 
8 =210,000 M"^ cm"^), and purified using a 10 DG size exclu- 
sion column (Bio-Rad Laboratories). Concentrations were 
determined by a standard curve. Purity was evaluated by the 
Beckman Coulter System Gold Bioessential 125/168 diode 
array detection system HPLC and the SpectraMax M2 
UV-Vis. The concentrations of "deBoc'd" solutions of (1) and 
(2) were determined by absorbance at 600 nm, as described 
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in Figure S3. A 0.08 |iM solution of siRNA-VT680, buffered 
to pH 5.5 with a PBS solution (137 mM NaCl, 0.5 mM 
Na^HPO^), was titrated with incremental additions of 
deBoc'd (1) or (2) at 37°C, and the subsequent decrease in 
fluorescence was monitored by recording emission spectra 
after each addition. Each sequential concentration measure- 
ment was performed in triplicate. Fluorescence emission 
measurements were recorded at 688 nm and normalized to 
unwrapped oligonucleotide-dye values defined as F^. The 
emission signals were volumetrically controlled for dilu- 
tion effects. 

Results 

The described production of the lysine-based amine handles 
(Figure IB) was confirmed through a battery of spectral 
analyses and chemical assays (Figures S1-S9, available at 
Supplementary material ). The quality of these spectra was 
closely tied to the method of purification. Since modified 
fullerenes, including SWCNTs and C60 buckyballs, cluster 
or bundle when condensed,^"^ they are not easily resolubilized 
in polar solutions without sonication. Our most successful 
purification that utilized acid-base chemistry and dialysis 
is described in the Materials and methods section. Both 
TEM and scanning electron microscope (SEM) images 
(Figure SI) of this bundled, purified substance (2) confirm 
the anisotropic nanotube framework. The bundles formed by 
modified fullerenes in water allowed membrane retention of 
the product during dialysis. A photo of the brown, solubilized 
product, indicative of successful functionalization can be seen 
(Figure S2), as well as the visually appreciable pH solubil- 
ity differential. The solubility of (1) in water was found to 
be 18.8 g/L at pH 7, and 7.2 g/L at pH 12. The solubility of 
SWCNT-Lys-NH^ (2) was 78.6 g/L at pH 7 and 2.3 g/L at 
pH 12, at 22°C. The enhanced solubility of (2) at neutral pH 
can be explained, not only by the copious functionalization, 
but also, by the substitution of a more solubilizing secondary 
amine for the tertiary amine on (1). Combined, these effects 
also obviate the need for a solubilizing pegylated linker in neu- 
tral and acidic protic solvents and in polar aprotic solvents. 

The S WCNT core of (2) was further supported by UV- Vis 
spectroscopy and HPLC analysis, estabhshing the absence of 
carbon impurities and displaying the characteristic sloping 
absorption profile of SWCNTs, between 280 nm and 650 nm. 
A concentration absorbance curve was generated for SWCNT- 
Lys-NH^ (2) (Figure S3). Absorbance at 600 nm =0.1234 
(x g/L) +0.01 88. The value 600 nm was chosen as it is out of 
the absorbance range of most aromatics. The nearly identical 
to (2) UV-Vis trace of (1) is also provided (Figure S3). 



The degree of modification was investigated by the 
Kaiser/Sarin assay, which quantifies primary amines.^^ These 
results were compared with a traditional Prato reaction 
(Figure 1 A) run in parallel. The purified, deprotected product 
of the 1,3-cycloaddition using H-Lys(Boc)-OH (Figure IB), 
had a higher primary amine-to-carbon ratio (0.69 mmol/ 
gram versus 0.48 mmol/gram), meaning a denser function- 
alization had occurred. The functionalization ratio of the 
H-Lys(Boc)-OH 1,3-cycloaddition product versus the tradi- 
tional Prato reaction was 1 .4: 1 (Figure S4), allowing for further 
amplified delivery.^^ As each adduct modifies two SWCNT 
wall carbons, 1.16% of (1) wall carbons were modified, and 
1.64% of (2) wall carbons were modified. 

The presence of two protonatable amines on (2) was 
further supported by forward and backward pH titration 
studies showing two equivalence points in the basic range 
at pH 9.47 and pH 8.92, in RT water. The use of amines for 
solubilization allowed pH-dependent purification through 
biphasic washing and precipitation upon basification in 
protic solvents (Figure 1). Significant NMR and IR peak 
changes and stability to reverse phase, and size exclusion 
chromatography confirmed adducts were covalently, not 
noncovalently, attached. 

The structure of the expected pyrrolidine adduct was 
supported through the evidentiary presence of amines as 
well as ^^C-NMR, H-NMR, IR, and high-resolution magic- 
angle spinning (HR-MAS) NMR studies (Figure S5, S6). 
Limited IR spectra are provided in Figure 2, with a more 
detailed analysis, including C60 analysis, available in 
Figure S5. 

SWCNT length polydispersity limits the utility of tech- 
niques such as mass spectroscopy and elemental analysis. 
Because SWCNTs are heterogeneous and notoriously yield 
poorly-resolved spectra, to obtain further confirmation 
of the adduct, the H-Lys(Boc)-OH-based reaction was 
repeated on a fullerene with a defined structure. The 
reaction with C60 buckyballs, produced a monosubsti- 
tuted species C60-Lys-NH2(3) (Figure 3) yielding clearer, 
more resolved NMR data. The mass spectrometry results 
(Figure S7) matched those of (3), giving a peak at 868 (m/z) 
equating to the monoionized product and in addition, a 
peak at 448 (m/z) representing the same species in which 
both amines on the adduct were ionized. No peaks were 
found representing double additions to the C60, perhaps 
identifying an energy barrier. Polyadducted species were 
beyond the range of the instrument but are considered 
in Figure S7A. The mass spectrum of the Boc-protected 
product (4) (Figure 3) produced a single peak at 479 (m/z). 
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Figure 2 IR spectra of (A) L-lysine, (B) H-Lys(Boc)-OH (starting material), (C) 
modified SWCNT-Lys-NH^ and (D) unpurified SWCNTs provided by Sigma-Aldrich 
Corporation. 

Notes: The black arrow identifies the carbonyl group from the Boc moiety when 
present. C-H stretches found in unpurified SWCNT represent amorphous carbon 
impurities prior to removal. A more complete analysis is found in Figure S5. 
Abbreviations: IR, infrared; SWCNT, single-walled carbon nanotube; Boc (tert- 
Butyloxycarbonyl); Lys, lysine. 

representing a double charged cation. The relevant IR peaks 
found on the modified C60 mirrored those on the modified 
SWCNT (Figure S5). 

C60 required temperatures of only 100°C compared 
with the 130°C required for SWCNTs. This reflects the 
reaction-promoting steric strain of C60. It also correlates with 
the difference, calculated computationally, in the binding 
energy of azomethine ylides with C60 and with SWCNT. 




Figure 3 C60-Lys-NH2 3 and C60-Lys-Boc. 

Abbreviations: C60, buckminsterfullerene; Boc (tert-Butyloxycarbonyl); Lys, lysine. 

Evidence of the lysine adduct to C60, (3), was attained 
from H-NMR and ^^C-NMR spectroscopy. Due to concerns 
with bundling and aggregation, the spin function when using 
solvent, or HR-MAS in solid state, was vital to the collection 
of well-defined peaks when attempting H-NMR on either 
C60 or SWCNTs (Figure S6). 

The carbon side chain on (2) is thought to grant greater 
stability to the adduct than the longer ethoxy chain of (1). 
A comparison of the (1) and (2) starting amino acids was 
conducted by NMR after the samples were stored at RT in 
NMR tubes for approximately 1 month. H-Lys(Boc)-OH 
was unchanged from its initial measurements, while after 
1 month, additional peaks were seen in the modified gly- 
cine of (2), suggesting partial ethoxy chain decomposition 
(Figure S8). 

Raman spectra of (2) and its unmodified starting material 
are provided in Figure S9, showing expected diminution of 
the characteristic G band, and D band enhancement upon 
heavy modification.^'^^'^^ 

Confirmation, through application of SWCNT func- 
tionalization, was accomplished by attaching chelating 
agent p-SCN-Bn-DOTA through amine-isothiocyanate bonds 
to the SWCNT-Lys-NH2 amine handles. The chelator was 
then radiolabeled with ^^^In as a tracer (Figure 4). Radioac- 
tivity and purity assessments of (5) demonstrated, not only 
the successful attachment of chelates, but indirectly, the 
substitutional reactivity of the amine handles to which the 
chelator was covalently bound. 

These trace radiolabeled macromolecules of (5) were 
employed in murine elimination studies where rapid renal 
clearance was demonstrated. The majority of urinary excretion 
from an IP injection of tracer was found in the earliest (2 hour) 
time point, in a pharmacokinetic and biodistribution study. 
After 12 hours, no further radiation was found in the urine or 
feces. A total of 1.8% of the injected dose was recovered from 
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Figure 4 Structure of SWCNT-Lys-DOTA('"ln). 

Abbreviations: DOTA, 1,4,7, 10-tetraazacyclododecane"',4,7, lO-tetraacetic acid; 
SWCNT, single-walled carbon nanotube; Lys, lysine. 

the feces. A total of 9 1 .4% of the injected dose was recovered 
from excreted urine. The urine excretion values are regarded 
as a minimum because urine adhered to feces and fur was 
counted as feces and carcass, respectively. 

The above experiment was conducted with a 98.7% 
high radiochemical purity labeling. Clearance studies 
performed with a lower radiochemical purity sample 
can determine whether the labeled nanotubes injected 
radiolabelled impurities comprise the residual corporeal 
activity. Injection of SWCNT-Lys-DOTA(ii^In) with 
the lower radiochemical purity of 91.0% showed more 
activity remaining in the carcass (Figure 5A), providing 
evidence that the labeled product (5) when pure, clears 
more completely. The vast majority of the 6.8% of activity 
found in the carcass is due to deposition of the urine on 
the animal after micturition and the 1.3% activity unbound 
to the nanotube. 

A urine-collection experiment of (5), via bladder puncture 
after an IV injection, was performed on three additional mice. 
An IV injection, unlike an IP injection, allows the injected 
compound immediate access to glomerular filtration and 
focuses on the actions of the kidneys. In the first 30 minutes, 



an average of 34%±3.6% of the injected dose was removed 
from the bladder by syringe. 

To show that the intact SWCNT constructs were appear- 
ing in the urine, two experiments were conducted. First, 5 mg 
of SWCNT-Lys-DOTA were injected IP into a mouse, fol- 
lowed by sterile urine collection over 6 hours. The material 
was checked for UV-Vis absorbance and had the charac- 
teristic slope of SWCNTs after background subtraction for 
urine from the same mouse (taken prior to the injection of 
SWCNT-Lys-DOTA). Therefore, SWCNTs were entering 
the bladder. 

Second, to ensure that the SWCNTs still had the tracer 
attached when excreted and that the radiolabel had not been 
detached by metabolism in vivo, the radioactive urine was col- 
lected and run on HPLC using a radiodetector. Following this, 
unlabeled SWCNT-Lys-DOTA in a large enough amount to 
be prominently seen above urine peaks was mixed with cold 
urine fi-om the same mouse and run under the same conditions, 
employing the same HPLC UV-Vis detector. The retention times 
of the gamma radiation and UV peaks paired (Figure SIO). 

Additionally a full IV biodistribution of (5) was completed 
(Figure 5B), showing, in accordance with the above and prior 
elimination studies, that only a small percentage of the injected 
dose remained in the mouse after 90 minutes.^^ "^^ The majority 
of that activity was found in the kidneys, with lesser amounts 
found in the liver and digestive tract. The liver, while the 
primary point of accumulation for unmodified SWCNTs, is a 
distant second in the case of functionalized tubes, with only 
0.2%-0.3% of the injected dose at 12 hours postinjection. These 
results show better clearance and less kidney accumulation 
compared with results fi^om this laboratory in a biodistribution 
study of radiolabeled (1).^ 

To elucidate the binding between SWCNT-Lys- 
NH^ and HSA, microscale thermophoresis was employed 
as described in "Materials and methods" and Figure 6. At 
HSA concentrations up to 87.5 g/L, approximately twice 
physiological concentration, and a fixed SWCNT-Lys- 
NH^ concentration of 1 .25 jlM, a single sigmoidal curve 
was obtained. 

This sigmoidal curve plots the steady state fluores- 
cence ratio of concentrations at a higher temperature, 
induced by an IR laser, compared with concentration at 
a colder temperature and is indicative of one bimolecular 
binding interaction in the measured range between the 
modified SWCNT and HSA. The high concentration 
plateau eliminates viscosity as a confounder in the solu- 
tions employed. Curve-fitting in MATLAB yielded a of 
6.435 |iM withani?2 of 0.9837. 
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Figure 5 (A) Summed data of 16 mice in four cages with one data point per cage, 12 hours postinjection. The experiment was conducted on two different radiochemical 
purities of SWCNT-Lys-DOTA(" 'In) (5). Total measured radiation per cage was taken as 100%, accounting for decay. (B) Biodistribution measuring activity of 98.7% 
radiochemical purity SWCNT-Lys-DOTA(" 'In) (5) at 90 minutes post IV injection. N=5 mice. 
Note: Error bars represent standard deviation. 

Abbreviations: DOTA, 1,4,7, 10-tetraazacyclododecane"',4,7, lO-tetraacetic acid; IV, intravenous; SWCNT, single-walled carbon nanotube: Lys, lysine. 



According to these data, a fraction of the injected construct 
should be bound to HSA in- vivo; because the measurements 
were performed at room temperature, the bound fraction 
may be lower at physiologic temperatures. It is significant to 
note that since carbon nanotubes are intrinsically fluorescent. 



they act as reporters in addition to ligands in thermophoretic 
binding experiments. This obviates the need to functionalize 
the nanotubes with a fluorophore before measuring their inter- 
action with another macromolecule. Usually thermophore sis 
requires a fluorophore to be conjugated to one of the materials 
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measurement of HSA-SWCNT binding: =6.435 ^IVI 
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Fnorm ([HSA]) = [unbound] + - ([bound] - [unbound]) • ([SWCNT] + [HSA] + - ^([SWCNT] + [HSA] + K _ 4[SWCNT][HSA]j 
Figure 6 Microscale thermophoretic K^for first-order binding of HSA and SWCNT-Lys-NH^. 

Notes: Further statistical analysis and information on thermophoresis is found in the "Materials and methods" section. Manufacturer Nanotemper Technologies, Munich 
Germany. 

Abbreviations: HSA, human serum albumin; SWCNT, single-walled carbon nanotube; Lys, lysine. 
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used in the analysis. SWCNTs are ideal because they require 
no deforming attachment as, even modified nanotubes, 
though far less fluorescent than unmodified nanotubes, pro- 
duce adequate fluorescence above background to be used in 
thermophoretic experiments. SWCNT-Lys-NH^ fluoresced 
at more than tenfold higher intensity than that of the HSA, 
marginalizing tryptophan fluorescence as a contributing con- 
founder. The combination of accuracy and circumvention of 
this confounding variable identifies microscale thermophoresis 
as an especially useful technique for future fullerene binding 
studies in the field. 

Albumin was chosen, not only because of its avail- 
ability and high percentage of blood protein makeup, but 
also, because at blood pH, it has a high negative charge 
of -17, so the modified tubes having a positive charge are 
more likely to have a nonspecific affinity. Because of these 
electrostatic forces, HSA could be considered an upper 
limit for the nonspecific binding of SWCNT-Lys-NH^ to 
blood proteins. 

Construct (2) compared favorably with (1) in the ability 
to wrap siRNA, using techniques previously described."^^ The 
lack of a pegylated side did not affect small interfering 
(siRNA)-wrapping or was compensated by the additional 
density of the modification, proximity to the construct, 
or the amine environment (Figure 7) at pH 7.4, showing 
similar stoichiometry (one to two siRNA per tube) and 
(1.1 08e-8) in the ten nanomolar range. Along with the previ- 
ously mentioned animal studies, the successful wrapping of 



siRNA on SWCNTs, a recently proposed delivery method 
for gene suppression,^^ highlights the in vivo potential of 
modified SWCNTs. 

Conclusion 

Lysine has been used previously to solubilize nanotubes, 
through covalent attachment to multiwalled tube carboxyl 
groups"^^ and also noncovalently,"^^ "^"^ but this study repre- 
sents the first analysis of a covalent, side-wall adduct. 
While the benefits of (2) are examined herein, (1) may 
still be a superior choice for some applications. (l)'s 
ethoxy spacing moiety is twice the length, which may 
be important when sterically hindered additions of large 
molecules are desired. In addition, at basic pH, (1) exhibits 
a higher solubility. That said, with comparatively low-cost 
reagent availability, high solubility, high stability, high 
functionalization ratio, and new purification opportunities, 
the use of H-Lys(Boc)-OH in the amination of SWCNTs, 
by which myriad adducts may be covalently attached, 
should speed the translation of SWCNTs into biomedical, 
engineering, and in-vivo fields. 
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